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Microfluidic Wheatstone Bridge

The microfluidic analogue of the Wheatstone bridge consists of two parallel streams which are connected to each other via a
perpendicular channel (Fig. S1). This channel serves as the “bridge” and divides the two parallel streams into four shorter channels.
Each of these channels has a particular flow resistance (depending on its dimensions and geometry), and constitutes one of the five
resistors (Ry, Ry, Rz, Ry and Rgg) in the Wheatstone bridge.
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Fig. S1 Microfluidic Wheatstone Bridge.

Consider the microfluidic Wheatstone bridge depicted in Fig. S1. The goal is to calculate the volumetric flow rate in the bridge
(Quridge) as a function of the flow resistances (Ry, Ry, Rs, Ry and Rgr) and the total flow rate (Q). First, we write down the
equivalent Kirchhoff's equations:

(Loop ABCA) —QR; + QprRpr + QyRy, =0 (S1)
(Loop DBCD) Q2R, + QgrRer — Q3R3 =0 (S2)
(Node A) Q1 +Qy =0 (S3)
(Node D) Q:+Q:=0Q (S4)
(Node B and C) Q; — Q1 =Qy — Q3 = Qpr (S5)
By combining (S1) and (S3), (S2) and (S4) and rearranging the equations, we obtain the following expressions for Q; and Q,:
0 QRVR;Q;;;RBR ad 0= QR; - ELZRBR

Substituting these two equations into (S5), we obtain the following expression for (Qgg):

_ RiR; —RyRy
rigge= Q (Ri+Ry) (Ry+R3) + Rpr (R +R,+R3+Ry)

(56)
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As a reference, we also provide the flow rate through each channel as a function of the total flow rate and the flow resistances:

Ry(R;+R3) + Rpr (Ry+R3)

= S7
Q=Q (Ri#Ry)(Ry+R3) + Rpr (R +Ry+R3+Ry) $7)
R;3(R{+Ry) + Rgr(Ry+R
Q,=Q 3(R1+Ry) + Rgr (Ry+R3) s8)
RFRy)(Ry*R3) + Rgr (R +R,+R3+Ry)
Qu= Ry(R1+Ry) + Rpr (R1+R7) (s9)
3 RFRy)(Ry*R3) + Rpr (R +R,+R3+Ry)
R{(R,+R3) + Rgr(R;+R
Qu=0Q 1(Ry+R3) + Rpr(R1+R7) (510)
(Ri+Ry)(Ry+R3) + Rpgr (R +R+R3+Ry)

Note that Eqns. (S7-S10) satisfy Eqns. (S3-S5).

Manipulating the flow rate in the bridge using a variable resistor (on-chip membrane valve)
Eqn. (S6) reproduces the well-known Wheatstone bridge result:

R;R; =R;Ry = Qbridge= 0 (i.e. the bridge is balanced.) (S11)

The expression in the numerator in Eqn. (S6) suggests that Qpigge Can assume both positive and negative values by varying the
resistance of a variable resistor (Ry), contingent upon the values of the other three flow resistances (R, R,, R3). In this work, the
variable resistor is experimentally implemented by using a membrane valve situated in one of the channels (see Fig. S1).

For instance, if the flow resistances are equal (R; = R, = R3 = Rgg = R), the equation reduces to:

R—Ry

5R + 3Ry (512)

Qbridge: Q

assuming that Ry, can be manipulated within (R/5 < Ry < 3R) by the membrane valve, the flow rate can be adjusted at the bridge
within —Q/7<Qbridge<+Q/7. Here, the flow convention is chosen such that positive flow rate is towards node B at the bridge.

At the two extreme cases, i) flow resistance of the channel with the valve is negligible (Ry — 0), and ii) the valve is fully closed
(Ry — =); the flow rate at the bridge converges to:

RiR3
R 0 = = >0 S13
vz Qrigge = R;(Ry+R3) + Rpr (R+R,+R3) (513)
Ry = Quige= Q iR, T Rop < (514)

yielding flows in opposite directions at the bridge (as expected).

Device design parameters affecting the control of the flow rate at the bridge

In this section, we present the theoretical characterization of the device design parameters affecting the control of the flow rate in
the bridge. Specifically, we calculate the ratio of the flow rate in the bridge to the total flow rate (Qprigge/Q) as a function of valve
opening and plot the results for several key device design parameters such as microchannel dimensions (length, width and height)
and membrane valve length.

Consider the microfluidic Wheatstone bridge depicted in Fig. S1. From Eqn. (S6), the ratio of the flow rate at the bridge to the
total flow rate (Qurigge/Q) as a function of the flow resistances is:

Quridge RiR; = RyRy _a—DbRy (515)
Q (Ri#Ry)(Ry*R3) + Rgr (R +R,+R3+Ry) ¢ +dRy
a= R] R3
b=R,

¢ = R;(Ry+R3) + Rgr (R} + R, +R3)
d = RBR + Rz + R3
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The flow resistances of the five microchannels (R;, R,, Rs;, Ry and Rgg) constituting the microfluidic Wheatstone bridge are
determined by their geometry (rectangular cross-sections) and the dimensions of its components (microchannels and constrictions).
Table S1 summarizes the typical dimensions of the components for each channel.

Table S1 Typical channel dimensions for the five microchannels constituting the microfluidic Wheatstone Bridge.

Channels 1-3 are identical, each containing a short constriction. Channel 4 contains a membrane valve instead of a constriction. The membrane
valve can be considered as a constriction inducing height changes along one of the channels. The bridge channel is typically shorter and do not
contain a constriction.

Microchannel Constriction
Length, L (mm) Height, h (um) Width, w (um) Length, L, (mm) Height, he (um)  Width, w¢ (um)
Channel 1 6.5 30 300 1 30 100
Channel 2 6.5 30 300 1 30 100
Channel 3 6.5 30 300 1 30 100
Channel 4 6.5 30 300 0.5 Variable (hy) 300
Bridge Channel 3 30 300 N/A N/A N/A

The flow resistance of a microchannel with a rectangular cross-section is given by:*

o -1
R = 12n9L 1 Z 192 <h)t h (nnw) 16
~ hew L, Gy \w RN (516)

where n: viscosity; w, h, L: width, height and length of the channel respectively. By using Eqn. (S16) and the channel dimensions
listed in Table S1, we calculate the flow resistances (R;, R,, R3, Ry and Rggr) and substitute them into Eqn. (S15) in order to obtain
an expression for (Qprigge/Q) as a function of valve opening.

Regarding these calculations, note that:

1. Based on the device layout in Fig. S1 and the channel dimensions listed in Table S1, the flow resistances (R;, Ry, R3) are
identical:

R1:R2:R3:R+RC (517)
where R is the flow resistance of an arbitrary microchannel and R is the flow resistance of the constriction.
2. The flow resistance of the bridge channel is simply:

Rgg = R (L%) (s18)

3. The flow resistance of the microchannel containing the membrane valve (Channel 4) can be written as:

where Ry is the flow resistance of the membrane valve. In this work, the membrane valve is modeled as a constriction
inducing uniform height changes along one of the channels. Ry is expressed in terms of normalized valve opening () using
Egn. (S16) and:

B=" (520)

where hy, is the effective height of the channel beneath the valve.

4. Additional flow resistance due to 45° bend in the microchannels (Channel 1-4) and wedge structures at the constrictions
providing gradual contraction and expansion (Channel 1-3) are included in the calculations. The reported values®® expressed
in terms of equivalent channel length (A = Lg/Dy) range between 15-60, where Dy = 2hw/(h + w) is the hydraulic diameter
of the rectangular microchannel. We assume A = 16 and A = 38 for 45° bend and gradual contraction/expansion respectively;
corresponding to a cumulative 2.95 mm of (additional) microchannel length (h = 30 um, w = 300 um, ~ Dy = 54.5 pm).
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Next, we characterize key device design parameters that affect the manipulation of the flow rate in the bridge by the membrane
valve. We calculate and plot (Qyrigge/Q) as a function of normalized valve opening for several key device design parameters such as
microchannel dimensions (length, width and height) and membrane valve length. The results are presented in Fig. S2; for each plot,
the design parameter of interest is varied (as noted), while the other parameters are held constant.
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Fig. S2 Characterization of key device design parameters affecting the control and manipulation of the flow rate in the bridge by the membrane
valve (see discussion below).
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We studied the effect of microchannel dimensions in the microfluidic device on flow control in the bridge using the on-chip
membrane valve. The parameters included in these calculations are: total channel length for each microchannel (L), overall
microchannel height in the device (h), channel length for individual channels (L, L, Ly), the length and the width of the
constrictions (Lcy, Lc,, Wey, Wc,), the length and the width of the bridge channel (Lggr, Wgr), and the length of the membrane valve
(Lm)-

The results can be summarized as follows:

1. The total channel length for each microchannel (L) and overall microchannel height (h) do not have a significant impact

(Fig. S2 (a) and (b) respectively) on the response curve (Qprigge/Q as a function of normalized valve opening).

2. As suggested by Eqn. (S15), an increase in Ry, and/or R3, would shift the flow at the bridge towards R; and R, (or node B,
see Fig. S1). Similarly, an increase in R,, and/or Ry, would shift the flow at the bridge towards Ry and Rz (node C).
Therefore:

a. Increasing the length of channel 1 (L;), the length of the constriction in channel 1 (Lc;) or decreasing the
constriction width (wc;) would result in an increase in Ry, and would therefore shift the response curve towards
positive values (Fig S2 (d), (9), (i)).

b. Increasing the length of channel 2 (L,), the length of the constriction in channel 2 (Lc,) or decreasing the
constriction width (wc,) would result in an increase in R,, and therefore would shift the response curve towards
negative values (Fig S2 (e), (h), (k)). Similarly, increasing the length of the channel with the membrane valve (Ly)
increases Ry, and shifts the response curve towards negative values (Fig S2 (f)).

3. Increasing the length (Lgg) or decreasing the width (wgg) of the bridge channel increases its flow resistance (Rgr) and
therefore decreases the flow rate at the bridge (Fig S2 (i) and (l)).

4. Increasing the length of the membrane valve (L) changes the shape of the response curve (Fig S2 (c)).

These results allow for custom engineering of the response curve (Qurigge/Q as a function of valve opening) towards specific
applications. In summary, the flow rate in the bridge channel is controlled using an on-chip membrane valve, and the shape of the
response curve can be customized by: (i) the length and the width of the main microchannels and constrictions, (ii) the length and
the width of the bridge microchannel, and (iii) the length of the membrane valve.

Table S2 Experimental values of relative flow rates through the bridge channel (Qpridge/Qtot) shown in Figure 3a (main text).
We experimentally measured the ratio of flow rate in the bridge to the total flow rate (Qpriage/Qtot) as a function of the membrane
valve opening.

Normalized valve opening Qbridge/ Qtot ‘
0.22 . -0.2468 + 0.0022
0.24 -0.2154 £ 0.0018
0.26 -0.2 £ 0.0029
0.28 -0.1728 £ 0.0014
0.30 -0.1554 + 0.0017
0.33 -0.1149 £ 0.0012
0.36 -0.0848 + 0.0012
0.42 -0.0551 + 0.0006
0.50 -0.0078 + 0.0001
0.57 0.0236 = 0.0003
0.64 0.0547 + 0.0006
0.72 0.0687 + 0.0006
0.79 0.0713 = 0.0007
0.87 0.0786 + 0.0008
0.94 0.0792 + 0.0009
1.00 0.0875 = 0.0008
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Membrane valve characterization

We characterized the membrane valve operation by determining the valve opening for a range of pressure values applied to the
membrane valve. To determine the valve opening at a specific pressure value, the microchannel in the fluidic layer is filled with a
fluorescent dye solution, and the section of the microchannel under the membrane valve is imaged by a CCD camera. Valve opening
is determined by calculating the ratio of the total fluorescence intensity under the membrane valve at a given pressure relative to
zero applied pressure (fully open state). Fig. S3 shows the normalized valve opening as a function of pressure applied to the
membrane valve. Normalized valve opening at 0 and 1 correspond to the closed and open state of the valve respectively.
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Fig. S3 Normalized valve opening as a function of pressure applied to the membrane valve.

Microfluidic device fabrication

The microfluidic Wheatstone bridge is based on a hybrid poly(dimethylsiloxane) (PDMS)/glass microdevice fabricated by standard
multilayer soft-lithography techniques (Fig. 1).° The microfluidic device contains two patterned layers in PDMS. A thin PDMS
layer (fluidic layer) containing the flow channels is sandwiched between a glass substrate and a thick PDMS layer (control layer).
The control layer contains an elastomeric membrane valve, which consists of a pressurized microchannel positioned above one of
flow channels. The fluidic and control layers are individually patterned in PDMS as two separate layers by replica molding. The
molds for the two layers were prepared by spin coating a thin layer (10-50 um) of negative photoresist (SU-8) onto silicon wafers
(3” diameter) and patterning with UV exposure using a high-resolution transparency film as a mask. The molds are developed with
propylene glycol methyl ether acetate (PGMEA) followed by surface treatment with trichlorosilane vapor under vacuum to prevent
the adhesion of cured PDMS. Next, the thin fluidic layer is obtained by spin coating the fluidic mold with PDMS at 20:1 (w/w)
base:crosslinker ratio yielding a thickness of ~70-110 um. Depending on the channel height (10-50 pm), spin coating results in a
~20-100 pum thick membrane between the control and fluidic layers. The control layer is formed by casting a thick layer (4-6 mm)
of PDMS with 5:1 (w/w) base:crosslinker ratio on the corresponding control layer mold. Next, each PDMS layer was partially cured
by baking at 70°C for 30 minutes. The thick PDMS replica (control layer) is then peeled from the control mold, aligned and
hermetically sealed onto the thin PDMS layer (fluidic layer) by baking together overnight at 70°C to form a monolithic device. The
PDMS replica containing the two device layers is peeled off the fluidic mold and access ports for the microchannels in both layers
are punched out using a blunt needle. Finally, the PDMS slab is bonded to a coverslip by plasma oxidation to yield a functional
device.

Captions for the movies

Movie 1 — Microfluidic Wheatstone bridge dynamic sampling - manual control:

The pressure applied to the membrane valve is switched between three values (P=1, 6.3 and 8.5 psi), which changes the direction of
the flow in the bridge. The movie is captured at 3.5x magnification and 30 frames/sec. The bridge length and width are 1 mm and
100 um, respectively. A colloidal sample solution containing 2.2 um diameter fluorescent polystyrene beads is introduced to the
device at 300 pL/hr.

Movie 2 — Microfluidic Wheatstone bridge dynamic sampling - automated control:
An automated, on-demand control system based on a linear feedback control algorithm is implemented for dynamic sampling of
particles using the microfluidic Wheatstone bridge. The feedback control algorithm effectively minimizes the velocity of the
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particles entering the region of interest (shown in green) thereby stopping the flow within the bridge channel. In this manner,
extended monitoring and analysis of sample particles is facilitated by stopping the flow (i.e. by balancing the bridge) at the bridge.
In this movie, the feedback control is turned on and off repeatedly to demonstrate the operation of the dynamic sampler. The movie
is captured at 3.5x magnification and 30 frames/sec. The bridge length and width are 1 mm and 100 pum respectively. A colloidal
sample solution containing 2.2 um diameter fluorescent polystyrene beads is introduced at 100 uL/hr.

Movie 3 — Simultaneous confinement of multiple particles at the bridge:

The microfluidic Wheatstone bridge allows for sampling of multiple particles simultaneously. In this movie, nine particles are
effectively confined within the bridge channel by the automated, on-demand sampling system. The movie is captured at 10x
magnification and 30 frames/sec. The bridge length and width are 3 mm and 300 um respectively. A colloidal sample solution
containing 2.2 um diameter fluorescent polystyrene beads is introduced at 200 pL/hr.
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